Conclusions: Morphologically distinct subgroups of invasive ductal carcinomas of the pancreas, namely ICC-rich IDCP and ICC-poor IDCP, are also biologically distinguishable as revealed by the differential expression of Dpc4.
INTRODUCTION
The invasive ductal carcinoma of the pancreas (IDCP) is a lethal disease, and the 5-year survival rate after the curative surgical resection ranges from 8 to 24% (1, 2) . By careful histological analysis, some authors reported that among IDCP, about half of the cases were accompanied by intraductal proliferative lesions, which are classified under the pancreatic intraepithelial neoplasm (PanIN) classification (3) (4) (5) . Many morphological and genetical investigations revealed that those PanINs were precursor lesions of IDCP (1, 4 -12) . We previously reported that among IDCP, about half of them were accompanied by abundant intraductal carcinoma components, corresponding to PanIN-3 of the PanIN classification (containing Ն10% than intraductal carcinoma area among the entire tumorous area; i.e., ICC rich) and were expected to have a more favorable prognosis than the other tumors that were poor in accompanying ICCs (containing Ͻ10% intraductal carcinoma area among the entire tumorous area; i.e., ICC poor; Ref. 3) . Fukushima et al. (13) also reported that a longer survival was expected for patients whose IDCP had ICCs compared with those without.
Many genetic alterations, including K-ras, p53, p16, p21 and DPC4, have been investigated in IDCP (8, 12, 14) . DPC4 is a tumor suppressor gene at chromosomal regions 18q21, of which, inactivation is one of the common genetic alterations identified in IDCP (6 -9, 11, 12, 14 -20) . In the cytoplasm, Dpc4 protein mediates signals from a family of tumor growth factor ␤ ligands. The activation of the DPC4/tumor growth factor ␤ signal pathway shows tumor suppressive functions as a result of inducing apoptosis or growth arrest in the G 1 phase of the cell cycle (15) . The immunohistochemical labeling for the Dpc4 protein is reported to be a sensitive and specific marker for DPC4 gene status, and there have been several genetic analyses of DPC4 in IDCP using immunohistochemical labeling as a genetic marker (19, 21) . It was previously reported that Dpc4 protein was expressed in approximately half of all cases of IDCP (7, 17, 19, 21) .
It is recognized that the intraductal papillary-mucinous neoplasms (IPMNs) of the pancreas are distinct tumors that have morphologically characteristic features and a more favorable prognosis than pancreatic IDCP (22) (23) (24) (25) (26) . IPMNs consist of intraductal components with various histopathologically atypia from adenoma to carcinoma in situ, and they are sometimes associated with invasive carcinomas (e.g., invasive carcinoma derived from IPMN; IC from IPMN). Intraductal components accompanied by IC from IPMN were genetically revealed to be the precursor lesions of invasive carcinoma components (27) . It was previously reported that Dpc4 protein was expressed in virtually all IPMNs in contrast to the situation in IDCP (20, 23, 28) .
In this study, Dpc4 protein status was analyzed in morphologically distinct subgroups of pancreatic cancer, i.e., ICC-rich IDCP, ICC-poor IDCP, and IC from IPMN, with the aim of determining what, if any, biological differences exist between the different subtypes. Surprisingly, Dpc4 protein expression was also found in the invasive component of ICC-rich IDCP, as was the case with IC from IPMN.
MATERIALS AND METHODS
Patients and Specimens. A total of 61 IDCP of the pancreas was surgically resected at the National Cancer Center Hospital East from 1992 to 2000. Cases excluded from the study comprised 4 patients who underwent palliative resection and 10 patients who had unusual adenocarcinomas (5 cases were accompanied by adenosquamous carcinoma components and 5 were accompanied by anaplastic carcinoma components). Four patients who died within 1 month of surgery because of postoperative complications were also excluded. Finally, a total of 43 cases was enrolled in this study: 21 men and 22 women. The mean age was 60.3 years, ranging from 25 to 80 years. The mean tumor size was 36.5 mm, ranging from 17 to 110 mm, and tumors were located in the pancreatic head in 32 cases, the pancreatic body in 8, and the pancreatic tail in 3. Thirty-two patients underwent pancreaticoduodenectomies, including 31 pylorus-preserving pancreaticoduodenectomies and 1 conventional Whipple resection, and 11 underwent distal pancreatectomies. Thirty-two patients received intraoperative radiation therapy. All resected specimens were fixed in 10% formalin overnight at room temperature and cut stepwise at 5-to 7-mm intervals. Specimens were processed routinely and embedded in paraffin. From each paraffin block, serial sections were cut and stained with H&E. All tumors were evaluated according to the guidelines of the WHO (26) and the pathological Tumor-NodeMetastasis classification (29) . Fourteen cases were classified as well-differentiated adenocarcinoma, 21 as moderately differentiated adenocarcinoma, and 8 as poorly differentiated adenocarcinoma. Ten cases had 0 or 1 positive lymph nodes and in 33 2 or more lymph nodes were positive. Two cases were classified as stage II under the pathological Tumor-Node-Metastasis classification, 22 as stage III, and 19 as stage IV. There was no case with distant organ metastasis. Surgical margin statuses were negative in 33 cases and positive in 10. Duration of follow-up was 66.3 months, ranging from 27 to 115 months. Three cases are currently alive and 40 have died (Table 1) .
A total of 10 ICs from IPMN was also examined, which were resected at the National Cancer Center Hospital East from 1992 to 2001: 7 men and 3 women. The mean tumor size was 77 mm, ranging from 40 to 122 mm. Because the number of ICs from IPMN was too small, we could not perform an analysis of the outcomes of the patients with ICs from IPMN.
Evaluation of Intraductal Carcinoma Components.
We previously reported that IDCP containing Ն10% intraductal carcinoma area among the entire tumorous area, defined as ICC rich IDCP, were expected to be associated with a significantly more favorable prognosis than those containing Ͻ10% intraductal carcinoma area among the entire tumorous area, defined as ICC-poor IDCP (3). One section of each block was stained with Elastica to confirm noninvasive tumor components, and we determined as ICCs only those cancerous lesions representing papillary, low papillary, or cribriforming encircled by elastic fibers (Fig. 1, A and B) . We calculated the proportion of ICCs and classified all tumors into ICC-rich or ICC-poor IDCP; 23 cases were classified as ICC-rich IDCP and 20 as ICC-poor IDCP. There was no significant difference in any of the clinicopathological characteristics between the two groups ( Table 1) .
Immunohistochemical Study. We screened H&E-stained slides of each case by light microscopy and selected two to four paraffin blocks from each ICC-rich IDCP and IC from IPMN, containing normal pancreatic tissue, an invasive carcinoma area, and an intraductal carcinoma area. We also selected two to three paraffin blocks from each ICC-poor IDCP, containing normal pancreatic tissue, an invasive carcinoma area, and an intraductal carcinoma area if available. For Dpc4 immunohistochemical labeling, 3-m unstained serial sections were cut from the selected paraffin blocks, and each section was deparaffined in xylene and rehydrated in alcohol. Endogenous peroxidase activity was blocked in 3% hydrogen peroxide in methanol. Antigen retrieval was achieved by microwave heating at 95°C for 20 min in citrate buffer at pH 7.4. After cooling in room air for 60 min, each section was incubated with a 1:100 dilution of monoclonal antibody to Dpc4 protein (clone B8; Santa Cruz Biotechnology, Santa Cruz, CA) for 12 h at 4°C. Nonspecific bindings of the secondary antibody were blocked by immersing in 2% normal swine serum PBS, and the biotinylated secondary antibody, avidin-biotin complex, and 3,3Ј-diaminobenzidine chromagens were applied to detect the antiDpc4 antibody. Sections were counterstained with hematoxylin and Elastica. The normal pancreatic tissue in each section served as an internal positive control, and the primary antibody was omitted in the negative control. Two of the authors (H. Takahashi and T. Hasebe) assessed the histological findings and immunohistochemical staining of the carcinomas. Whenever there was a disagreement between the two authors, they reexamined the section and reached a consensus through discussion. In each case, the invasive carcinoma area and the intraductal carcinoma area were evaluated separately. The immunohistochemical staining of Dpc4 protein was scored as positive when Ͼ50% of neoplastic cells were stained as strongly as the surrounding normal pancreas and the other cases as negative (28, 30) .
Laser Capture Microdissection and Reverse Transcription-PCR. To confirm the specificity of immunohistochemistry with Dpc4, reverse transcription-PCR was performed on glands staining positive and negative for Dpc4 protein using material obtained by laser capture microdissection system (PixCell-II; Arcturus Engineering, Santa Clara, CA). In brief, the dehydrated 10-m frozen tissue section was overlaid with a thermoplastic membrane mounted on optically transparent caps, and Dpc4-positive and -negative glands (each corresponding to 500 -1000 cells) were captured by focal melting of the membrane through laser activation. The captured tissues were then immersed in denaturation Trizol solution (Life Technologies, Inc., Gaithersburg, MD), and total RNA was extracted. RNA was redissolved in 10 l of oligo(dT) 20 primer solution, and cDNAs were synthesized using the ThermoScript RT-PCR System (Life Technologies, Inc.) in a final volume of 20 l. Quantitative real-time PCR was carried out using a LightCycler instrument (Roche, Mannheim, Germany). One l of cDNA solution was subjected to 40 PCR cycles of 10 s at 95°C, 10 s at 53°C-65°C, and 5-15 s at 72°C in a 10-l mixture containing 1 l of LightCycler-DNA Master SYBR Green I (Roche), 2.25-5 mM MgCl 2 , and 0.25 M each of forward (5Ј-TCCCT-GGCCCAGGATCAGTA-3Ј) and reverse (5Ј-CTGATAAGGT-TAAGGGCCCCAAC-3Ј) DPC4-specific primers. An external standard curve for the DPC4 gene was generated using serial 10 2 -fold dilutions of reverse transcription-PCR products, corresponding to 1 ϫ 10 8 to 1 ϫ 10 2 copies/l. Because the amount of obtained cells and subsequent RNA in Dpc4-positive and -negative glands were different, mRNA copy number of DPC4 was standardized by dividing by the copy number of glyceraldehyde-3-phosphate dehydrogenase.
Statistical Analysis. The following clinicopathological factors were compared by the proportion of intraductal carcinoma area and Dpc4 protein status: (a) gender; (b) age; (c) tumor size; (d) tumor location; (e) lymph node status; (f) the degree of differentiation of tumor; (g) pathological TumorNode-Metastasis staging; (h) surgical margin status; and (i) use of intraoperative radiation therapy. Fisher's exact probability test was used to assess cross-tabulations, and Mann-Whitney's U test was used to compare the mean values. Univariate survival analyses on each parameter were performed by a log-rank test, and the survival curves were drawn by the Kaplan-Meier method. The parameters that showed a significant correlation with the prognosis in the univariate analyses were then entered into the multivariate analysis using the Cox proportional hazards regression model (31) . All tests were two tailed, and P Ͻ 0.05 was accepted as statistically significant. Statistical analyses were performed using Statview 5.0 software (Abacus Systems, Berkeley, CA).
RESULTS
Immunohistochemical Study. All normal cells of pancreas such as islet cells, acinar cells, fibroblasts, and nonneoplastic ductal cells expressed Dpc4 protein. The Dpc4 protein status in the invasive carcinoma area of 43 IDCP was positive in 22 cases (51%) and negative in 21 (49%; Fig. 2,  A and B) . ICCs were observed in 30 of 43 IDCP, and their Dpc4 protein status was positive in 23 cases (77%) and negative in 7 (23%) (Fig. 1, A and B) . Forty-three IDCP were subdivided into 23 ICC-rich IDCP and 20 ICC-poor IDCP. The Dpc4 protein status in the intraductal and invasive carcinoma areas of IC-rich IDCP was positive in 20 (87%) and 18 (78%), respectively. Among 20 ICC-poor IDCP, 7 were accompanied by ICC, and the Dpc4 protein status in their intraductal and invasive carcinoma areas was positive in 3 (41%) and 4 (20%), respectively ( Table 2 ). The invasive carcinoma areas of ICC-rich IDCP showed a significantly higher frequency of Dpc4 protein expression than those of ICC-poor IDCP, and a significantly higher frequency of Dpc4 protein expression in the intraductal carcinoma areas was also observed in ICC rich IDCP than in ICC poor IDCP (Fig. 3) .
In 10 ICs from IPMN, the Dpc4 protein status in invasive carcinoma area and intraductal carcinoma was positive in 7 cases (70%) and 8 (80%), respectively ( Table 2 ). The Dpc4 protein status in ICC rich IDCP was very similar to that in ICs from IPMN in both invasive carcinoma and intraductal carcinoma areas (Fig. 3) .
Expression of mRNAs for DPC4 in Immunohistochemically Positive and Negative Glands. Each pancreatic cancer glands positively and negatively stained for Dpc4 were obtained by laser capture microdissection. Representative pictures before (Fig. 4A) and after (Fig. 4B) removal and the isolated cell adherent to the membrane (Fig. 4C) were shown. Expression of DPC4 mRNA copies/10 5 copies glyceraldehyde-3-phosphate dehydrogenase was 316.8 and 10.1 for Dpc4 staining-positive and -negative glands, respectively, confirming the validity of immunohistochemistry as a genetic marker for DPC4 inactivation (Fig. 4D) .
Correlations between Clinicopathological Characteristics and the Dpc4 Protein Status in IDCP Patients. The Dpc4 protein status was significantly associated only with age in the univariate analyses (Table 3) , and patients with Dpc4 protein-positive IDCP were significantly younger than those who were Dpc4 protein-negative IDCP (P Ͻ 0.001).
Univariate and Multivariate Analysis for Prognosis. In the univariate analysis, the proportion of intraductal carcinoma area, ICC rich or ICC poor, was a statistically significant factor for improved prognosis in the univariate analysis (P Ͻ 0.05), as we reported previously ( Ref. 3; Fig. 5 ). The median survival times of ICC-rich IDCP and ICC-poor IDCP patients were 15.0 and 10.0 months, respectively. Also, the Dpc4 protein status was a statistically significant factor for an improved prognosis (P Ͻ 0.05; Fig. 6 ). The median survival times for patients whose tumors expressed Dpc4 protein and those who did not were 15.5 and 10.0 months, respectively. In addition, the following factors were statistically associated with a poor prognosis of IDCP patients in the univariate analyses: (a) tumor size of Ͻ35 versus Ն35 mm (P Ͻ 0.05); and (b) surgical margin status (P Ͻ 0.01). The Cox proportional hazards regression model using the above significant factors in the univariate analyses showed that the proportion of ICCs and tumor size was found to be independent significant factors for improving outcomes of patients with IDCP (Table 4) .
DISCUSSION
It is generally accepted that DPC4 expression is frequently diminished in invasive pancreatic carcinomas. However, our data indicate that a subgroup of IDCP exists in which the expression of DPC4 is intact, which corresponds to the morphologically distinct subgroup having an abundant component of intraductal carcinoma.
There have been several studies that have immunohistochemically evaluated the Dpc4 protein status of IDCP and IPMNs. They showed that the frequency of DPC4 inactivation in the invasive carcinoma and intraductal carcinoma areas in IDCP ranged from 49 to 56% and from 31 to 41%, respectively (9, (17) (18) (19) 21) . In IPMN, the rates of Dpc4 protein expression in the invasive and intraductal carcinoma areas ranged from 80 to 97% and from 91 to 100%, respectively (20, 23, 28) . In this study, the Dpc4 protein status in IDCP was positive for 22 of 43 (51%) in the invasive carcinoma area and 23 of 30 (77%) in the intraductal carcinoma area and that in IC from IPMN was positive for 7 of 10 (70%) Fig. 3 Dpc4 protein expression rate of ICC rich invasive ductal carcinomas (IDCs), intraductal carcinoma component (ICC)-poor IDCs and ICs from intraductal papillary-mucinous neoplasm (IPMN). The Dpc4 protein status of ICC-rich IDCs was significantly higher than that of ICC-poor IDCs in the intraductal and invasive carcinoma areas ‫ء(‬ P Ͻ 0.05; ‫ءء‬ P Ͻ 0.001, calculated using Fisher's exact probability test). The Dpc4 protein status of ICs from IPMN was as high as that of ICC-rich IDCs in the intraductal and invasive carcinoma areas. in the invasive carcinoma area and 8 of 10 (80%) in the intraductal carcinoma area, respectively. These results are in agreement with those reported previously. It was previously reported that the presence of ICCs in IDCP was a significant good prognostic parameter for patients with IDCP after surgical resection and the survival time of patients with ICC-rich IDCP was almost similar to that of those with ICs from IPMNs (3, 13, (22) (23) (24) (25) . Furthermore, some studies (24) referred to the morphological similarities of intraductal carcinoma components between IDCP accompanied with ICCs and IPMN and the difficulties in distinguishing between ICC-rich IDCP and ICs from IPMNs (3, 4, 13, 25) . This study clearly showed that the frequencies of Dpc4 protein expression of ICC-rich IDCP were significantly higher than that of ICC-poor IDCP in invasive and intraductal carcinoma area and were similar to that in ICs from IPMN. These results suggested that ICC-rich IDCP were different from ICC-poor IDCP and rather similar to ICs from IPMNs, morphologically, clinically, biologically, and possibly in carcinogenesis. To verify this hypothesis, genetic alterations that will be able to distinguish IDCP and ICs from IPMN are required to investigate and perform a detailed comparative study among ICC-rich IDCP, ICC-poor IDCP, and IPMNs.
In the analyses of the prognosis, only the tumor size (Ͻ35 or Ն35 mm) and the proportion of intraductal carcinoma area were independently prognostic. Tascilar et al. (21) reported that the Dpc4 protein status in IDCP was an independent prognostic factor in a multivariate analysis of patients with IDCP. However, in our study, the prognostic predictive power of the Dpc4 protein status was inferior to the tumor size or the proportion of intraductal carcinoma area. Because a close relationship between the proportion of intraductal carcinoma area and the Dpc4 protein status was observed in this study, the former probably has a stronger prognostic power than the latter. Thus, we conclude that the proportion of intraductal carcinoma area in IDCP is the better prognostic parameter than the Dpc4 protein status for patients with IDCP of the pancreas.
In summary, Dpc4 is expressed in ICC-rich IDCP, similar to ICs from IPMN. In ICC-poor IDCP, Dpc4 expression is largely absent. The present results suggest that two different pathways exist for pancreatic carcinogenesis. The first is a classical multistep PanIN pathway in which DPC4 inactivation plays a critical role in the late stages of carcinogenesis and is represented by ICC-poor IDCP in present study (corresponding to 20 of 43, 47% of cases). The second carcinogenic pathway might be termed the IPMN Pathway, in which DPC4 is not involved in malignancy. These were represented by ICC-rich IDCP that accounted for 53% (23 of 43) of IDCP and had similar biological and morphological characteristics to ICs from IPMN. The relationship between morphological presentation and Dpc4 status, however, remains to be elucidated. Although there may be cases that convert from ICC-rich IDCP to ICCpoor IDCP, classifying conventional bulk IDCP into those two biologically, morphologically, and clinically different subgroups may be useful in further understanding pancreatic carcinogenesis and developing new treatment strategies for these cancers. b ICCs rich means that IDC area occupies Ն10% of entire tumorous area.
c ICCs poor means that IDC area occupies Ͻ10% of entire tumorous area. 
